Abstract. It is widely accepted that keratinocytes act as non-professional antigen-presenting cells and support superantigen-induced proliferation of resting T cells; however, it remains unknown whether keratinocytes function in situ with T cells via a non-contact mechanism. The current study used a transwell co-culture system and demonstrated, for the first time to the best of the authors' knowledge, that HaCaT cells (the human keratinocyte cell line) did induce T cell proliferation via indirect contact. The data further indicated that exosomes, small membrane vesicles that transfer antigens to recipient cells, are also involved in the superantigen-associated immunity of keratinocytes. The current study provided experimental evidence that HaCaT-exosomes contained MHC I and II, and could interact with T cells. In addition, following interferon γ stimulation, Staphylococcal aureus enterotoxin B-loaded HaCaT cells secreted exosomes to induce the proliferation of CD4+ and CD8+ T cells in vitro. This novel biological function of exosomes reveals a new mechanism of how keratinocytes participate in bacterial superantigen-induced immune responses.
Introduction
Staphylococcus aureus is an important type of bacteria, which has high colonization rate on the lesions of normal skin and in inflammatory skin diseases (1, 2) . Infection and colonization with S. aureus triggers the onset and aggravates the course of various inflammatory diseases, including atopic dermatitis (1, 3) and psoriasis (4) . The secretion of S. aureus enterotoxin B (SEB), one type of staphylococcal superantigens, is a vital mechanism of how S. aureus acts. Keratinocytes, which account for 90% of epidermis, are also the main cells that SEB directly contact. Keratinocytes function as the barrier of the skin, and have an important role in skin immunity (5) . For example, it has been proved that human keratinocytes were able to process endogenous and exogenous antigen and induced rapid effector function in antigen-specific memory CD4 + and CD8+ T cells (6) . Previous researches also suggested that keratinocytes support superantigens-driven proliferation in resting T cells via cell-cell contacts in vitro (7, 8) . The present study considered whether the direct contact is a prerequisite and foundation for human keratinocytes to activate T cells and whether there is a non-contact way to allow keratinocyte function in situ with T cells.
It is widely accepted that exosomes facilitate the direct extracellular transfer of proteins, lipids and RNA, in vitro and in vivo, which enables them to participate in intercellular communication without direct contact (9, 10) . Exosomes are nano-size membrane vesicles (diameter, 30-100 nm) that form within late endocytic compartments, which are called multivesicular bodies, and are released to the extracellular medium by fusion of the plasma membrane (11) . They contain a distinct set of proteins defined as exosomal markers, including tetraspanin family molecules (CD9, CD63, CD81), heat shock proteins (HSP) 70, HSP90, and components of the endosomal sorting complex required for transport machinery [e.g., programmed cell death 6 interacting protein and tumour susceptibility 101 (TSG101)] (12, 13) . Furthermore, exosomes also typically carry a specific set of proteins associated with the cell type they originated from. For example, platelet-derived exosomes express the von Willebrand factor and CD41a, the exosomes from dendritic cells (DCs) express DC-specific maker CD11c, major histocompatibility complex (MHC) I and II, and costimulatory molecules [CD86 and intercellular adhesion molecule 1 (ICAM-1)] (14, 15) . Besides the protein, exosomes function similarly to original cells, such as, one proposed role of exosomes released by DCs is to spread antigens or MHC-peptide complexes to T cells or DCs causing immune reactions (16) (17) (18) .
Therefore, due to the fact that keratinocytes directly presented SEB to resting CD3 + T cells in vitro, it was assumed that keratinocyte-derived exosomes, which could act as a 'truck' between keratinocytes and T cells, may also have the ability to function in superantigen-associated immunity. + T cells were cultured in RPMI medium (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 100 U/ml penicillin-streptomycin at 37˚C in 5% CO 2 . In the co-culture assay, HaCaT cells (2x10 4 cells/well) were incubated with or without IFNγ overnight (300 U/ml) and were then treated for another 4 h with or without the superantigens SEB (100 ng/ml). Finally, these cells were washed for three times to remove the solute SEB and IFNγ. For exosome collection, the treated HaCaT cells were resuspended in fresh culture medium with 10% exosomes-free FBS (prepared by overnight ultracentrifugation at 100,000 x g). After 48 h, cell culture supernatant was collected for exosome purification.
Cell proliferation assay. In the cell to cell experiment, Transwell chambers (8-µm pore membrane; EMD Millipore, Billerica, MA, USA) were used to determine the capacity of SEB-loaded HaCaT cells to promote T cell proliferation under non-contact conditions. Purified CD3 + T cells were labeled with 5 µM carboxyfluorescein succinimidyl ester (CFSE; Invitrogen; Thermo Fisher Scientific, Inc.) and then were seeded on 24-well cell culture cluster plates at a concentration of 4x10 5 cells/well in volumes of 500 µl. SEB-loaded HaCaT cells (+/-IFNγ) were seeded on the Transwell chambers at a concentration of 2x10 4 cells/well in volumes of 200 µl. In the cell proliferation experiment of exosomes, the assays were performed in 96-well round-bottom plates in complete RPMI modified medium. The CFSE-labeled T cells (2x10 5 /well) in a total volume of 200 µl were stimulated with HaCaT-exosomes (+/-SEB, +/-IFNγ). As a positive control to detect whether the CFSE-labeled T cells were able to proliferate, CD3 + T cells were cultured in plates precoated with 4 µg/ml anti-CD3 and 2 µg/ml anti-CD28 antibodies and stimulated with IL-2 (30 IU/ml), as previously described (20) . After 5 days, T cells were staining with 5 µg/ml anti-human CD3, CD4 and CD8 antibody. Finally, the stained cells were analyzed using a flow cytometer (Beckman Coulter, Inc., Brea, CA, USA).
Exosomes purification. The cell culture supernatants were centrifuged at 300 x g for 10 min, 2,000 x g for 10 min at 4˚C, and filtered through a 0.22 µm sterilizing filter (Corning Incorporated, Corning, NY, USA). Exosomes were pelleted by ultracentrifugation at 100,000 x g for 70 min at 4˚C and then were resuspended in PBS. Protein level was quantified by bicinchoninic acid protein assay (Beyotime Institute of Biotechnology, Haimen, China).
Transmission electron microscopy. To analyze the structure of exosomes derived from HaCaT cells (+/-IFNγ), a 10 µl suspension of exosomes (+/-IFNγ) was loaded onto Formvar carbon-coated 200 mesh copper grids for 10 min at room temperature. Excessive fluid was slightly drained with filter paper and then the adsorbed exosomes were negatively stained with 1% phosphotungstic acid for 5 min. Finally, the air-dried grids were observed using a transmission electron microscope (JEM-1400 PLUS, JEOL, Ltd., Tokyo, Japan) operating at 100 kV.
Flu orescen ce confoca l m icroscopy. T he PK H67 (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used to label exosomes according to the manufacturer's protocols. Briefly, exosomes (~100 µg in 100 µl) were resuspended in 0.5 ml of diluent C (Sigma-Aldrich; Merck KGaA) and then mixed with PKH67 diluted in diluent C for a final concentration of 2x10 -6 M PKH67. The exosomes dye suspension was incubated for 5 min at room temperature. Excessive dye from the labeled exosomes was neutralized with 1 ml 5% bovine serum albumin. Finally, the supernatant were removed by centrifugation (100,000 x g for 70 min at 4˚C) and PKH67-labeled exosomes were resuspended in 50 µl PBS.
PKH67-labeled exosomes derived from HaCaT cells were co-incubated with CD3 + T cells for 4 h at 37˚C. The slides of cells were then washed in PBS three times followed by fixation in 4% paraformaldehyde for 15 min at room temperature. The cellular nuclei were stained with 0.5 µg/ml DAPI. Imaging was performed using a fluorescence confocal microscope. Images were analyzed with Leica Application Suite Advanced Fluorescence software (version 2.3.0, build 5131; Leica Microsystems, Inc., Buffalo Grove, IL, USA).
SDS-PAGE and western blot analysis.
HaCaT cells or exosomes (+/-IFNγ) were lysed in radioimmunoprecipitation lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, sodium orthovanadate, sodium fluoride, EDTA, leupeptin and 1 mM PMSF). Protein of cells and exosomes was quantified by bicinchoninic acid protein assay (Beyotime Institute of Biotechnology, Haimen, China). Equal amounts of protein (~20 µg) were subjected to 10% SDS-PAGE, transferred to a polyvinylidene difluoride membrane (PVDF; 0.45 µm; EMD Millipore). PVDF membranes were blocked with 5% non-fat milk for 2 h at room temperature, and then incubated with the diluted anti-CD63, anti-TSG101, anti-calnexin antibody, anti-HLA-A, anti-HLA-DR, anti-ICAM-1, anti-β-actin solution (1:1,000) overnight at 4˚C. Washed membranes were probed with a horseradish peroxidase-conjugated secondary antibody (cat. no. A0216; Beyotime Institute of Biotechnology, Haimen, China) at a 1:1,000 dilution for 2 h. The results were visualized by chemiluminescence substrate (Pierce; Thermo Fisher Scientific, Inc.). Densitometry was performed using ImageJ software (version 1.45; National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. When appropriate, data are presented as the mean ± standard deviation. Multiple comparisons were made using one-way analysis of variance followed by the Bonferroni post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

SEB-loaded HaCaT cells (+/-IFNγ) induce T cell proliferation without direct contact.
To detect the ability of HaCaT cells in presenting SEB to resting T cells under non-contact conditions, indirect co-culture experiments were performed using the Transwell system. The results demonstrated that SEB-loaded HaCaT cells induced the proliferation of resting T cells (Fig. 1) . Previous studies have suggested that under inflammatory conditions, such as when stimulated by IFNγ, keratinocytes express MHC II, ICAM-1 and increased levels of MHC I to make these cells compatible with competent presentation of antigens to T cells (6) . Therefore, T cell proliferation driven by SEB-loaded HaCaT cells pretreated with IFNγ was also investigated. The data indicated that the proliferation of T cells was increase compared with the untreated condition in this indirect co-culture system. HaCaT cells produce typical exosomes with or without IFNγ. Exosomes were purified from HaCaT culture supernatants by ultracentrifugation, and identified with electron microscopy and western blotting analysis. The data demonstrated that exosomes derived from the HaCaT cells stimulated with or without IFNγ both had a typical exosomal round shape with a diameter between 30 and 100 nm ( Fig. 2A and B) . Additionally, these exosomes contained exosome marker proteins such as CD63 and TSG101. The exosomes were negative for calnexin, which is specifically expressed and located in endoplasmic reticulum ( Fig. 2C and D) .
HaCaT cell exosomes express MHC I and induced MHC II molecules.
To assess the ability of HaCaT-exosomes to present peptides, whether HaCaT-exosomes contained MHC I and MHC II molecules with or without stimulation of IFNγ was determined. The data demonstrated that HaCaT-exosomes expressed low levels of MHC I but no MHC II molecules (Fig. 2D) , suggesting that HaCaT-exosomes have the potential function of presenting peptide to CD8 + T cells under resting condition. When HaCaT cells were pretreated by IFNγ, HaCaT-exosomes expressed low level of MHC II molecules and the MHC I was further upregulated (Fig. 2D ).
In addition, previous studies have suggested an important role of ICAM-1 and the leukocyte function-associated antigen-1 (LFA-1) interaction in presentation function of keratinocytes for superantigens (7) and in T cell adherence to keratinocytes (21) . The exosomes from HaCaT cells did not express ICAM-1 molecules under steady state or inflammatory conditions (+/-IFNγ; Fig. 2D ).
HaCaT-derived exosomes interact with T cells.
To explore whether the HaCaT-exosomes could interact with T cells, confocal fluorescence microscopy was used to track the PKH67-labeled HaCaT-exosomes in T cells. After incubation of PKH67 labeled exosomes with the T cells for 4 h at 37˚C, we observed an obvious green fluorescence in the T cells indicating an active exosomes interaction with T cells (Fig. 3) . This result suggests a potential role of exosomes in a short-range interaction between HaCaT cells and T cells.
SEB-loaded-exosomes from HaCaT cells can induce the proliferation of CD4
+ and CD8 + T cells. In the proliferation experiments, the results demonstrated that exosomes from SEB loaded HaCaT cells could induce the proliferation of CD3 + T cells when the HaCaT cells were pre-stimulated with IFNγ. It was previously reported that Staphylococcus aureus could induce notable proliferation of CD4 + and CD8 + T cells, which were two main subpopulations of CD3 + T cells (22) . Therefore, the CD4 + and CD8 + T cells in the CD3 + T cells were gated to detect the proliferations. Correspondingly, the CD3 + CD4 + and CD3 + CD8 + T cells proliferated following induction by exosomes from SEB-HaCaT cells treated with IFNγ (Fig. 4) .
Discussion
Keratinocytes are the first and major point of contact with many potential antigens; therefore, it is important to understand how keratinocyte present antigens to T cells both for disease pathogenesis and also for potential delivery of vaccination antigens via the skin (6) . Previous studies demonstrated that exosomes have an important role in modulation of immune responses. However, data about potential immunomodulatory functions of human keratinocyte exosomes are scant. In this study, to the best of our knowledge, it was demonstrated for the first time that HaCaT cells (human keratinocyte cell line) induce T cell proliferation in a non-contact manner. Furthermore, it was demonstrated that HaCaT cells release the nano-size exosomes to react with the T cells. This novel biological function of exosomes reveals a new short-range mechanism between keratinocytes and T cells in skin immunity to superantigens.
Keratinocytes are thought to display features of antigen-presenting cells (APCs) (5) and IFNγ is reported to upregulate MHC class II expression on keratinocytes, thus enhancing their antigen presenting capacities. In the present study, SEB-loaded HaCaT cells (IFNγ treated and untreated) induced the proliferation of CD3 + T cells under indirect co-culture conditions. Keratinocytes are able to transfer immune information to T cells via soluble factors; for example, keratinocytes produce a large range of cytokines, including pro-inflammatory cytokines and chemokines (23) . However, none of these known factors directly induce the proliferation of resting T cells, thus the role of exosomes in the SEB-associated immunity was investigated. In the current study, immune potential of HaCaT-exosomes was investigated. A previous study have suggested that keratinocytes constitutively expressed MHC class I molecules and had induced expression of MHC class II molecules under inflammatory conditions in vivo (24) or following treatment with IFNγ in vitro (6), thus we investigated the level of MHC class I and II in HaCaT-exosomes with or without IFNγ stimulation. The result indicated that compared with the HaCaT cells, exosomes contained lower MHC I levels but did not contain MHC II. The expression of MHC I increased and MHC II was induced at a low level in the exosomes derived from the HaCaT cells following IFNγ stimulation. The presence of MHC I and MHC II molecules implies the potential capacities of HaCaT-exosomes in antigen-presentation to CD4 + and CD8 + T cells. Additionally, the expression of MHC I and II in exosomes derived from HaCaT cells were different from the results detected in murine keratinocytes, where murine keratinocytes-derived exosomes did not express MHC II, irrespective of IFNγ stimulation (25) . These divergent results may be due to the species difference between humans and mice; unlike human keratinocytes, not all murine keratinocytes express MHC II in vitro (26) .
Keratinocyte-derived exosomes were observed to be internalized by DCs (25) and bone marrow-derived DCs (27) in vitro. In the current study, HaCaT-derived exosomes could interact with T cells. However, vesicles <200 nm in diameter cannot be detected by confocal microscopy techniques, and detailed visualization of exosomes can only be observed by electron microscopy (28) . Thus, how individual exosomes interact with target cells remains unknown. A previous study proposed this process to involve binding at the cell surface via specific receptors, and then internalizing through the endocytic pathway of the target cell, and/or by direct fusion with the membrane (28) . For example, previous study indicated that T cells recruited exosomes secreted by DCs depending on the interaction of ICAM-1/LFA-1 (29) . Unfortunately, in the current study, no ICAM-1 was detected in HaCaT-exosomes, so factors functioning in the interaction between HaCaT-exosomes and T cells are unknown and require further research.
HaCaT-exosomes did induce SEB-associated proliferation of resting CD4 + and CD8 + T cells in the experiments of the current study, though it is unclear which factors mediated the interaction between HaCaT-exosomes and T cells. The present study demonstrated that exosomes induce the proliferation of CD4 + and CD8 + T cells when derived from IFNγ-treated HaCaT cells rather than untreated ones. Superantigens are a type of special antigen. They bind directly to MHC II molecules on APCs instead of intracellular processing into the APCs, and simultaneously they bind to the variable region of the Vβ chain of a T cell receptor (30) . Due to the special binding mechanism and various Vβ isotypes, superantigens bypass the normal mechanisms of conventional MHC-restricted antigen presentation and the number of T cells activated by superantigens exceeds that of a conventional antigen. For example, the S. aureus161:2 (carrying the genes for staphylococcal enterotoxin A and H) could activate the human mucosal-associated invariant T cells, γδ T cells, and conventional CD4 + and CD8 + T cells in vitro (22) . Given that superantigens require the MHC II molecules on antigen-presenting cells as the binding site, stimulation of IFNγ increased the expression of MHC II in exosomes, thus potentially accounting for the increase of T cells proliferation supporting by HaCaT-exosomes. In addition, as in bone marrow dendritic cells (BM-DCs), exosomes are more efficient to activate ovalbumin (OVA)-specific MHC class I-restricted T cell hybridomas, when derived from OVA peptide loaded mature BM-DCs rather than those from immature BM-DCs (31) . Keratinocytes are thought to be non-professional APCs, so their exosomes are much more similar to those of the immature DC than those of mature ones. The current study and these previous finding suggest an immunomodulatory role of exosomes depending on the state of the corresponding origin cell. Furthermore, the presence of staphylococcal colonization and staphylococcal superantigens is associated with various skin diseases (30) . For example, superantigens-mediated T cell activation may initiate and propagate psoriasis (32, 33) . S. aureus, 60% producing superantigens (most often SEB), is present in >50% of patients with psoriasis and the severity of psoriasis is significantly correlated to enterotoxin production of S. aureus strains (34) . As keratinocytes are the most abundant cell type in the skin, they are also the main cells with which S. aureus contact. Therefore, it is reasonable to presume that in skin inflammatory diseases superantigens are produced by S. aureus and then keratinocytes release exosomes, which may worsen the inflammation by inducing superantigen-associated proliferation of T cells. If the hypothesis is viable that keratinocytes-exosomes are capable of playing a similar role in the SEB or other superantigen-associated inflammatory disease in vivo, the exosomes inhibitor could decrease immune responses, thus offering a potential future therapeutic approach.
In conclusion, superantigens produced by microbes may cause a potent T-cell activation and proliferation in their target tissues, which maintains chronic inflammation if not appropriately treated. The current study verified a novel non-contact, but supportive function between keratinocyte and targeted T cells in the SEB-associated cutaneous immunity. Furthermore, the results unveil a novel role of keratinocyte-derived exosomes in superantigen-associated diseases, and indicates that IFNγ stimulation is an important factor in influencing the immunity of keratinocyte-exosomes. However, which factors these effects are mediated by and what the possible reaction could be in vivo remains unclear.
